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LIGHT-EMITTING SEMICONDUCTOR DEVICE 
USING GALLIUM NITRIDE COMPOUND SEMICONDUCTOR 

BACKGROUND OF THE INVENTION 
Field of the invention 

The present invention relates to a light-emitting 
device using gallium nitride compound semiconductor whose 
luminous efficiency is improved. Especially, the present 
invention relates to the device which emits the ultraviolet 
ray. 

Ascription of the Related Art 

A conventional light-emitting device, which have 
layers made of gallium nitride compound semiconductor 
laminated on a substrate, is known to have the following 
structure. The device has a sapphire substrate, and on the 
sapphire substrate the following layers are formed 
sequentially: a buffer layer made of aluminum nitride (AlN); 
an n-cladding and/or an n-contact layer of high carrier 
concentration, which is made of a silicon (Si) doped GaN of 
n-type conduction; an emission layer having a multi quantum- 
well (MQW) structure, in which a barrier layer made of GaN 
and a well layer made of InGaN are laminated alternately; a 
p-cladding layer made of magnesium (Mg) doped AlGaN of p- 
type conduction; and a p-contact layer made of magnesium 
(Mg) doped GaN of p-type conduction. 

And a conventional light-emitting device using gallium 
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nitride compound semiconductor which emits the ultraviolet 
ray is known to have an emission layer made of InGaN or 
AlGaN. The device having an emission layer made of InGaN 
can obtain an ultraviolet ray having a wavelength of lower 
than 380 nm, which is emitted from band to band, when a 
composition ratio of indium (In) is less than 5.5 %. The 
device having an emission layer made of AlGaN can obtain an 
ultraviolet ray having a wavelength of 380 nm, which is 
emitted by a pair of donor and acceptor, when a composition 
ratio of aluminum (Al) is about 16 % and the emission layer 
is doped with zinc (Zn) and silicon (Si). 

However, a problem persists in luminous efficiency. In 
the conventional light-emitting devices using gallium 
nitride compound semiconductor, conditions for emitting 
light are not always optimized. Therefore, further 
improvement has been required, as presently appreciated by 
the present inventors. 



SUMMARY OF THE INVENTION 

An object of the present invention is to improve 
luminous efficiency of a light-emitting device using gallium 
nitride compound semiconductor. 

To achieve the above object, a first aspect of the 
present invention is to obtain a light-emitting device using 
gallium nitride semiconductor comprising an emission layer 
with a multi quantum-well (MQW) structure, in which a 
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barrier layer and a well layer are formed alternately. The 
barrier layer is made of Al x Ga 1-x N (0<x^0.18). 

The second aspect of the present invention is to form 
the well layer made of In y Ga 1-y N (O^y^O.l). 

The third aspect of the present invention is to form 
the barrier layer to have a thickness from 2 nm to 10 nm. 

The fourth aspect of the present invention is to form 
the barrier layer to have a thickness from 3 nm to 8 nm. 

The fifth aspect of the present invention is to design 
a luminous wavelength in the ultraviolet ray region. 

The sixth aspect of the present invention is to obtain 
a light-emitting device using gallium nitride compound 
semiconductor comprising an emission layer with a multi 
quantum-well (MQW) structure, in which a barrier layer and a 
well layer are formed alternately, and an n-layer made of an 
impurity-doped Al x Ga 1-x N ( 0<x^ 0 . 06 ) . 

The seventh aspect of the present invention is to form 

a strain relaxation layer made of ln y Ga w N (0.02^y^0.04) 
which is formed under the n-layer. 

The eighth aspect of the present invention is to form 
the n-layer to have a thickness from 50 nm to 300 nm. 

The ninth aspect of the present invention is to form 
the n-layer to have a thickness from 150 nm to 25CT rim. 

The tenth aspect of the present invention is to design 
a luminous wavelength to be in the ultraviolet ray range. 

The eleventh aspect of the present invention is to 
obtain a light-emitting device using gallium nitride 



3 



« m 

» » 

compound semiconductor comprising an emission layer with a 
multi quantum-well (MQW) structure, in which a barrier layer 
and a well layer are formed alternately, a p-layer, and an 
n-layer. The emission layer is sandwiched by the p-layer 
and the n-layer, and a ratio of an electron concentration of 
the n-layer to a hole concentration of the p-layer 
(electron/hole) is from 0.5 to 2.0. 

The twelfth aspect of the present invention is to 
obtain a light-emitting device using gallium nitride 
compound semiconductor comprising an emission layer with a 
multi quantum-well (M(?W) structure, in which a barrier layer 
and a well layer are formed alternately, a p-layer, and an 
n-layer. The emission layer is sandwiched by the p-layer 
and the n-layer, and a ratio of an electron concentration of 
the n-layer to a hole concentration of the p-layer 
(electron/hole) is from 0.7 to 1.43. 

The thirteenth aspect of the present invention is to 
obtain a light-emitting device using gallium nitride 
compound semiconductor comprising an emission layer with a 
multi quantum-well (MQW) structure, in which a barrier layer 
and a well layer are formed alternately, a p-layer, and an 
n-layer. The emission layer is sandwiched by the p-layer 
and the n-layer, and a ratio of an electron concentration of 
the n-layer to a hole concentration of the p-layer 
(electron/hole) is from 0.8 to 1.25. 

The fourteenth aspect of the present invention is to 
design a luminous wavelength in the ultraviolet ray range. 
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With respect to a gallium nitride compound 
semiconductor which satisfies the formula Al x Ga 1-x-y In y N f the 
larger a composition ratio x of aluminum (Al), is, the 
larger a band gap energy becomes, and the larger a 
composition ratio y of indium (In) is, the smaller the band 
gap energy becomes. With respect to a light-emission device 
using gallium nitride compound semiconductor which has an 
emission layer with a multi quantum-well (MQW) structure, an 
energy barrier between a well layer and a barrier layer 
becomes larger when the barrier layer is made of Al x Ga Ux N. A 
luminous intensity of the device is strongly related to a 
composition ratio x of aluminum (Al) in Al x Ga 1-x N barrier 
layer. Various samples of a barrier layer made of Al s 6a l4 N ff 
each having a different composition ratio x of aluminum (Al), 
are formed and the electroluminescence (EL) luminous 
intensity is measured. FIG. 2 illustrates a graph of the 
electroluminescence (EL) luminous intensity. As shown in 
FIG. 2, the luminous intensity of the light -emitting device 
becomes larger in accordance with the composition ratio of 
aluminum (Al). The composition ratio x should be preferably 
in the range of 0.06^x^0.18. When x, or a composition 
ratio of aluminum (Al), is smaller than 0.06, an effect for 
mixing aluminum (Al) in the barrier layer is small. When x 
is larger than 0.18, a lattice matching of the barrier layer 
becomes worse and as a result luminous intensity is lowered. 

Samples of a light-emitting device having a well layer 
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made of inyGa 1-y N which has a smaller band gap are formed. 
When y, or a composition ratio of indium (In), is smaller 
than 0.1, a crystallization of the well layer becomes worse, 
and the device cannot have a large luminous intensity. 

Various samples of a barrier layer each having a 
different thickness are formed. FIG. 3 illustrates the 
electroluminescence (EL) luminous intensity of the light- 
emitting device having the barrier layer made of Al x Ga 1-x N. 
As shown in FIG. 3, the thickness of the barrier layer 
should be preferably in the range of 2 run to 10 nm, more 
preferably 3 nm to 8 nm. 

When an n-cladding layer which contacts to the 
emission layer is made of Al^Ga^N (0^x^0.06), holes in the 
emission layer is prevented from leaking to the lower n- 
layer side through the n-cladding layer. Also, a lattice 
mismatching of the emission layer which is grown on the n- 
cladding layer can be relaxed and as a result a 
crystallization of the emission layer is improved. 
Accordingly, a luminous efficiency of the light -emitting 
device can be improved. 

A luminous intensity of the light-emitting device is 
strongly related to a composition ratio x of aluminum (Al) 
in Al^Ga^N n-cladding layer. Various samples of ah fa- 
cladding layer made of Al x 6a l4 N # each haying a .different 
composition ratio x of aluminum (Al), are formed and the 
electroluminescence (EL) luminous intensity is measured. 
FIG. 5 illustrates a graph of the electroluminescence (EL) 
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luminous intensity. As shown in FIG. 5, the luminous 
intensity of the light-emitting device becomes larger in 
accordance with the composition ratio of aluminum (Al). And 
when the composition ratio x is around 0*05, luminous 
intensity of the device shows its peak. The composition 
ratio x should be preferably in the range of 0.03^x^0.06. 
When x, or a composition ratio of aluminum (Al), is smaller 
than 0.03, the device becomes just like a device without an 
n-cladding layer and holes leak to the lower n-layer side 
through the n-cladding layer. When x is larger than 0.06, a 
crystallization of the emission layer is lowered because of 
too much aluminum (Al) existing in the n-cladding layer, and 
as a result the luminous intensity of the device is lowered. 

Various samples of an n-cladding layer each having a 
different thickness are formed. FIG. 6 illustrates the 
electroluminescence (EL) luminous intensity of the light- 
emitting device having the n-cladding layer made of Al x Ga^ x N. 
As shown in FIG. 6, the luminous intensity of the device 
shows its peak when the thickness of the n-cladding layer is 
around 200 nm. The thickness of the n-cladding layer should 
be preferably in the range of 50 nm to 300 nm, more 
preferably 150 nm to 250 nm. 

With respect to a light-emitting device usincf gallium 
nitride compound semiconductor which has a double-hetero 
junction structure, forming an n-type layer is easier than 
forming a p-type layer. A hole concentration of the p-type 
layer is smaller than an electron concentration of the n- 
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type layer. FIGs. 8 and 9 illustrate graphs of the 
electroluminescence (EL) luminous intensity of the light- 
emitting device when each electron concentrations of an n- 
cladding layer and an n-contact layer is varied in order 
that a ratio of the electron concentration of each n-type 
layers, the n-cladding layer and the n-contact layer to a 
hole concentration of each p-type layers, a p-cladding layer 
and a p-contact layer, respectively, approximates to 1. 
Here a hole concentration of the p-cladding layer and the p- 
contact layer is 2 x 10 17 /cm 3 and 7 x 10 17 /cm 3 , respectively. 

A luminous intensity of the light-emitting device is 
strongly related to an electron concentration of Al 005 Ga 095 N 
n-cladding layer. Various samples of an n-cladding layer 
made of Al 0 . 05 Ga 0 . 95 N, each having a different electron 
concentration, are formed and the electroluminescence (EL) 
luminous intensity is measured. FIG. 8 illustrates a graph 
of the electroluminescence (EL) luminous intensity. As 
shown in FIG. 8, the luminous intensity of the light- 
emitting device shows its peak when the electron 
concentration of the n-cladding layer is around 8 x 10 17 /cm 3 . 

Also, the luminous intensity of the light-emitting 
device is strongly related to an electron concentration of 
GaN n-contact layer. Various samples of an n-cont&ct layer 
made of GaN, each having a different electron concentration, 
are formed and the electroluminescence (EL) luminous 
intensity is measured. FIG. 9 illustrates a graph of the 
electroluminescence (EL) luminous intensity. As shown in 
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FIG. 9, the luminous intensity of the light-emitting device 
becomes larger in accordance that the electron concentration 
of GaN n-cladding layer becomes 1.1 x 10 18 /cm 3 , 8 x 10 17 /cm 3 , 
and 4 x 10 17 /cm 3 . This proves that a recombination of 
electrons and holes occurs at the inside of the emission 
layer. In short, when an electron concentration of the n- 
cladding layer or the n-contact layer is larger than a hole 
concentration of the p-cladding layer or the p-contact layer, 
electrons tend to recombine with holes at the p-contact or 
the p-cladding layer side from the emission layer. And if a 
recombination of electrons and holes which does not emit 
lights increases under this condition, it is considered that 
balancing a hole concentration of the p-cladding or the p- 
contacting layer and an electron concentration of the n- 
cladding or the n-contact layer is effective for decreasing 
the non-emissive recombination of electrons and holes. 

Here the n-cladding layer made of GaN needs to have an 
electron concentration of at least 1 x 10 17 /cm 3 in order to 
form an electrode, inject electrons and drive the light- 
emitting device. 

BRIEF DESCRIPTION OF THE DRAWINGS * * 
Other objects, features, and characteristics of the 
present invention will become apparent upon consideration of 
the following description and the appended claims with 
reference to the accompanying drawings, all of which form a 
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part of the specification, and wherein reference numerals 
designate corresponding parts in the various figures, 
wherein: 

FIG. 1 is a sectional view of a light-emitting device 
100 using gallium nitride compound in accordance with the 
first embodiment of the present invention; 

FIG. 2 is a graph showing the correlation of a 
composition ratio x of aluminum (Al) and a luminous 
intensity in the barrier layer 151 made of Al^a^N, in 
accordance with the first embodiment of the present 
invention; 

FIG, 3 is a graph showing the correlation of a 
thickness and a luminous intensity of the barrier layer 151 
made of Al 3E Ga 1 _ x N / in accordance with the first embodiment of 
the present invention; 

FIG. 4 is a sectional view of a light-emitting device 
200 using gallium nitride compound in accordance with the 
second embodiment of the present invention; 

FIG. 5 is a graph showing the correlation of a 
composition ratio x of aluminum (Al) and a luminous 
intensity in the n-cladding layer 214B made of Al x Ga 1-x N f in 
accordance with the second embodiment of the present 
invention; 

FIG. 6 is a graph showing the correlation of a 
thickness and a luminous intensity of the n-cladding layer 
214B made of Al^a^N, in accordance with the second 
embodiment of the present invention; 
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FIG, 7 is a sectional view of a light-emitting device 
300 using gallium nitride compound in accordance with the 
third embodiment of the present invention; 

FIG. 8 is a graph showing the correlation of an 
electron concentration and a luminous intensity of the n- 
cladding layer in accordance with the third embodiment of 
the present invention; and 

FIG. 9 is a graph showing the correlation of an 
electron concentration and a luminous intensity of the n- 
contact layer in accordance with the third embodiment of the 
present ^ invention . 

DETAILED DESCRIPTION QF THE PREFERRED EMBODIMENTS 
The present invention will be described hereinbelow 
with reference to specific embodiments. 
(First Embodiment) 

FIG- 1 illustrates a sectional view of a light- 
emitting device 100 using gallium nitride (GaN) compound 
semiconductor formed on a sapphire substrate 111. The 
light-emitting device 100 has a sapphire substrate 111 which 
has a buffer layer 112 made of nitride aluminum (A1N) having 
a thickness of 25 nm and an n-cladding or an n-corftafet layer 
(n*-layer) 113 made of silicon (Si) doped GaN and having a 
thickness of 3000 nm successively thereon. 

And a strain relaxation layer 114 made of a non-doped 
In 0 . 03 Ga 0<97 N having a thickness of about 180 nm is formed on 
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the n-cladding layer or the n-contact layer (n + -layer) 113, 
The strain relaxation layer 114 functions to relax a stress 
to an emission layer 115, generated by the difference 
between thermal expansion coefficients of the sapphire 
substrate 111 and the emission layer 115. 

An emission layer 115 is constructed with a multi 
quantum-well (MQW) structure, which is made of six barrier 
layers 151 made of Al 0 . n Ga 0 87 N having a thickness of about 
3.5 nm and five well layers 152 made of In 005 Ga 095 N having a 
thickness of about 3 nm laminated alternately, *is formed on 
the strain relaxation "layer 114. A p-cladding layer 116 
made of a p-type Al 0>15 Ga 0 #85 N having a thickness of about 25 
nm is formed on the emission layer 115. Further, a p- 
contact layer 117 made of a p-type GaN having a thickness 
about 100 nm is formed on the p-cladding layer 116. 

An electrode 118A which transmits lights is formed by 
a metal deposit on the p-contact layer 117 and an electrode 
118B is formed on the n + -layer 113. The electrode 118A 
which transmits lights is constructed with about 1.5 nm in 
thickness of cobalt (Co), which contacts to the p-contact 
layer 117 , and about 6 nm in thickness of gold (Au), which 
contacts to the cobalt (Co). The electrode 118B is 
constructed with about 20 nm in thickness of vanadiufa (V) 
and about 1800 nm in thickness of aluminum (Al) or an alloy 
including aluminum (Al). And an electrode pad 120 having a 
thickness about 1500 nm is formed on the electrode 118A. 
The electrode pad 120 is made of cobalt (Co), nickel (Ni) or 
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vanadium (V), and gold (Au) or aluminum (Al), or an alloy 
including at least one of these metals. 

Then a method for manufacturing the light-emitting 
device 100 is explained hereinafter. 

Each of the layers of the light-emitting device 100 is 
formed by gaseous phase epitaxial growth, called metal 
organic vapor phase deposition (hereinafter MOVPE). The 
gases employed in this process were ammonia (NH 3 ) r a carrier 
gas (H 2 or N 2 ), trimethyl gallium (Ga(CH 3 ) 3 ) (hereinafter 
TMG), trimethyl aluminum (Al(CH 3 ) 3 ) (hereinafter TMA) , 
trimethyl indium (In(CH 3 ) 3 ) (hereinafter TMI), silane (SiH 4 ), 
and biscyclopentadienyl magnesium (Mg(C 5 H 5 ) 2 ) (hereinafter 
CP 2 Mg). 

The single crystalline sapphire substrate 111 was 
placed on a susceptor in a reaction chamber for the MOVPE 
treatment after its main surface 'a' was cleaned by an 
organic washing solvent and heat treatment. Then the 
sapphire substrate 111 was baked at 1100 °G by H 2 vapor fed 
into the chamber under normal pressure. 

About 25 nm in thickness of AlN buffer layer 112 was 
formed on the surface 'a' of the baked sapphire substrate 
111 under conditions controlled by lowering the temperature 
in the chamber to 400 °C, keeping the temperature 6oAstant, 
and concurrently supplying H 2/ NH 3 and TMA. 

About 3 jum in thickness of GaN was formed on the 
buffer layer 112, as an n-cladding or n-contact layer (n + ~ 
layer) 113 with an electron concentration of 2 x 10 18 /cm 3 , 
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under conditions controlled by keeping the temperature of 
the sapphire substrate 111 at 1150 °C and concurrently 
supplying H 2 , NH 3 , TMG and silane. 

About 180 nm in thickness of non-doped ln 0 . 03 Ga 0 . 97 N was 
formed on the n*-layer 113, as a strain relaxation layer 114 , 
under conditions controlled by lowering the temperature of 
the sapphire substrate 111 to 850 °C f keeping the 
temperature constant and concurrently supplying N 2 or H 2 , NH 3 , 
TMG and TMI. 

Then a barrier layer 151 made of Al 0 , 13 Ga 0 B ^N was formed 
under conditions controlled by raising the temperature of 
the sapphire substrate 111 to 1150 °C again, keeping the 
temperature constant and concurrently supplying N 2 or H 2 , NH 3 , 
TMG and TMA. And about 3 nm in thickness of In 0 05 Ga 0 95 N was 
formed on the barrier layer 151, as a well layer 152, 
concurrently supplying N 2 or H 2 , NH 3 , TMG and TMI. Similarly, 
four pairs of the barrier layer 151 and the well layer 152 
were formed in sequence under the same respective conditions, 
and then a barrier layer 151 made of Al z Ga lMS N was formed on 
the fifth pair of the barrier layer 151 and the well layer 
152. Accordingly, an emission layer 115 having a multi- 
quantum well (MQW) structure was formed. 

About 25 nm in thickness of Mg-doped p-type Al 0 ; 15 Ga 0 85 N 
was formed on the emission layer 115, as a p-cladding layer 
116, under conditions controlled by keeping the temperature 
of the sapphire substrate 111 at 1150 °C and concurrently 
supplying N 2 or H 2 , NH 3 , TMG, TMA and CP 2 Mg. 
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About 100 nm in thickness of Mg-doped p-type GaN was 
formed on the p-cladding layer 116, as a p-contact layer 117 , 
under conditions controlled by keeping the temperature of 
the sapphire substrate 111 at 1100 °C and concurrently 
supplying N 2 or H 2 , NH 3 , TMG, and CP 2 Mg. 

An etching mask is formed on the p-contact layer 117, 
and a predetermined region of the mask is removed. Then, 
exposed portions of the p-contact layer 117, the p-cladding 
layer 116, the emission layer 115, the strain relaxation 
layer 114, and some part of the n + -layer 113 were etched by 
a reactive ion etching using gas including chlorine (CI). 
Accordingly, the surface of the n + -layer 113 was exposed. 

Then, an electrode 118B and an electrode 118A which 
transmits lights were formed on the n + -layer 113 and the p- 
contact layer 117, respectively, as follows. 

(1) A photoresist layer was laminated on the n + -layer 
113. A window was formed on a fixed region of the exposed 
surface of the n + -layer 113 by patterning using 
photolithography. After exhausting in high vacuum lower 
than 10" 4 Pa vacuum order, about 20 nm in thickness of 
vanadium (V) and about 1800 nm in thickness of aluminum (Al) 
were deposited on the window. Then, the photoresist layer 
laminated on the n + -layer 113 was removed. Accordingly, the 
electrode 118B was formed on the exposed surface of the n + - 
layer 113. 

(2) A photoresist layer was laminated on the p-contact 
layer 117. The photoresist layer of an electrode forming 
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part on the p-contact layer 117 was removed by patterning 
using photolithography , and a window was formed there. 

(3) After exhausting in high vacuum lower than 1<T 6 
Torr vacuum order, about 1.5 nm in thickness of cobalt (Co) 
and about 6 nm in thickness of gold (Au) were formed in 
sequence on the photoresist layer and the exposed surface of 
the p-contact layer 117 in a reaction chamber for deposit. 

(4) The sample was took out from the reaction chamber 
for deposit. Then cobalt (Co) and gold (Au) laminated on 
the photoresist layer were removed by a lift-off r and an 
electrode 118A which transmits lights is formed on the p- 
contact layer 117. 

(5) To form an electrode pad 120 for a bonding, a 
window was formed on a photoresist layer, which was 
laminated uniformly on the electrode 118A. About 1.5 jum in 
thickness of cobalt (Co), nickel (Ni) or vanadium (V) and 
gold (Au), aluminum (Al) or an alloy including at least one 
of those metals were deposited on the photoresist layer. 
Then, as in the process (4), cobalt (Co), nickel (Ni) or 
vanadium (V) and gold (Au), aluminum (Al) or an alloy 
including at least one of those metals laminated on the 
photoresist layer were removed by a lift-off, and an 
electrode pad 120 was formed. * * 

(6) After the atmosphere of the sample was exhausted 
by a vacuum pump, 0 2 gas was supplied until the pressure 
becomes 3 Pa. Under conditions controlled by keeping the 
pressure constant and keeping the temperature of the 
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atmosphere about 550 °C, the 4 sample was heated for about 3 
min. Accordingly, the p-contact layer 117 and the p- 
cladding layer 116 were changed to have lower resistive p- 
type, and the p-contact layer 117 and the electrode 118A, 
and the n+-layer 113 and the electrode 118B, respectively, 
are alloyed. 

Through the process of (1) to (6), the light-emitting 
device 100 was formed. 

Various samples of a barrier layer made of Al x Ga 1-3C N, 
each having a different composition ratio x of . aluminum (Al), 
were formed in the same process described above. FIG. 2 
illustrates the electroluminescence (EL) luminous intensity 
of the light-emitting device 100 having the barrier layer 
made of Al^Ga^N. As shown in FIG. 2, the luminous intensity 
of the light -emitting device 100 becomes larger in 
accordance with the composition ratio of aluminum (Al). The 
composition ratio x should be preferably in the range of 
0.06^x^0.18, more preferably 0.1^x^0.14. 

Various samples of a barrier layer each having a 
different thickness were formed. FIG. 3 illustrates the 
electroluminescence (EL) luminous intensity of the light- 
emitting device 100 having the barrier layer made of Al^Ga^ 
X N. As shown in FIG. 3, the thickness of the barrier layer 
should be preferably in the range of 2 nm to 10 nm, more 
preferably 3 nm to 8 nm. 

In the first embodiment, the light-emitting device 100 
having the strain relaxation layer 114 is shown. 
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Alternatively, the layer should not be limited to a strain 
relaxation layer. Alternatively, an n-cladding layer can be 
formed in place of the strain relaxation layer 114. 

Alternatively, the well layer, the p-cladding layer, 
the n-contact layer and the p-contact layer, or all the 
layers formed in the light-emitting device 100 except the 
barrier layer, can be made of quaternary, ternary, or binary 
nitride compound semiconductor which satisfies the formula 
A^Ga^ylriyN, (O^x^l, O^y^l), having an arbitrary 
composition ratio. Also, the strain relaxation layer can be 
made of I^Ga^N (0<x<l), having an arbitrary composition 
ratio. 

The luminous efficiency of the light-emitting device 
100 may become smaller without a strain relaxation layer, 
but it can be larger than that of the conventional light- 
emitting device. 

In the first embodiment, magnesium (Mg) was used as a 
p-type impurity. Alternatively, Group II elements such as 
beryllium (Be), zinc (Zn), etc. can be used. 

The device in the present invention can be applied not 
only to a light-emitting device but also a light-receiving 
device. 

(Second Embodiment) 

FIG. 4 illustrates a sectional view of a light- 
emitting device 200 using gallium nitride (GaN) compound 
semiconductor formed on a sapphire substrate 211. The 
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light-emitting device 200 has a sapphire substrate 211 which 
has a buffer layer 212 made of nitride aluminum (AlN) having 
a thickness of 25 nm and an n-contact layer 213 made of 
silicon (Si) doped GaN and having a thickness of 3 jmm 
successively thereon. 

And a strain relaxation layer 214A made of a non-doped 
ln 0 03 Ga 0>97 N having a thickness of about 180 nm is formed on 
the n-contact layer 213. The strain relaxation layer 214A 
functions to relax a stress to an emission layer 215 , 
generated by the difference between thermal expansion 
coefficients of the sapphire substrate 211 and the emission 
layer 215. And an n-cladding layer 214B made of a silicon 
(Si) doped Al 0 . 05 Ga 0 . 95 N having a thickness of about 200 nm is 
formed on the strain relaxation layer 214A. 

An emission layer 215 is constructed with a multi 
quantum-well (MQW) structure, which is made of six barrier 
layers 251 made of Al oa3 Ga 0 . 87 N having a thickness of about 
3.5 nm and five well layers 252 made of In 005 Ga 0 . 95 N having a 
thickness of about 3 nm laminated alternately , is formed on 
the n-cladding layer 214B. A p-cladding layer 216 made of a 
p-type Al 0 . 15 Ga 0 . B5 N having a thickness of about 25 nm is 
formed on the emission layer 215. Further, a p-contact 
layer 217 made of a p-type GaN having a thickness 'about 100 
nm is formed on the p-cladding layer 216. 

An electrode 218A which transmits lights is formed by 
a metal deposit on the p-contact layer 217 and an electrode 
218B is formed on the n-contact layer 213. The electrode 
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218A which transmits lights is constructed with about 1.5 nm 
in thickness of cobalt (Co), which contacts to the p-contact 
layer 217, and about 6 nm in thickness of gold (Au) r which 
contacts to the cobalt (Co). The electrode 218B is 
constructed with about 20 nm in thickness of vanadium (V) 
and about 1800 nm in thickness of aluminum (Al) or an alloy 
including aluminum (Al). And an electrode pad 220 having a 
thickness about 1500 nm is formed on the electrode 218A. 
The electrode pad 220 is made of cobalt (Co), nickel (Ni) or 
vanadium (V), and gold (Au) or aluminum (Al), or an alloy 
including at least one of these metals. 

Then a method for manufacturing the light-emitting 
device 200 is explained hereinafter. 

Each of the layers of the light-emitting device 200 is 
formed by gaseous phase epitaxial growth, called metal 
organic vapor phase deposition (hereinafter MOVPE). The 
gases employed in this process were ammonia (NH 3 ), a carrier 
gas (H 2 or N 2 ), trimethyl gallium (Ga(CH 3 ) 3 ) (hereinafter 
TMG) , trimethyl aluminum (Al(CH 3 ) 3 ) (hereinafter TMA) , 
trimethyl indium (In(CH 3 ) 3 ) (hereinafter TMI), silane (SiH 4 ), 
and biscyclopentadienyl magnesium (Mg(C 5 H 5 ) 2 ) (hereinafter 
CP 2 Mg). 

The single crystalline sapphire substrate 21T was 
placed on a susceptor in a reaction chamber for the MOVPE 
treatment after its main surface 'a' was cleaned by an 
organic washing solvent and heat treatment. Then the 
sapphire substrate 211 was baked at 1100 °C by H 2 vapor fed 
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into the chamber under normal pressure. 

About 25 nm in thickness of A1N buffer layer 212 was 
formed on the surface 'a' of the baked sapphire substrate 
211 under conditions controlled by lowering the temperature 
in the chamber to 400 °C, keeping the temperature constant, 
and concurrently supplying H 2 , NH 3 and TMA. 

About 3 /im in thickness of GaN was formed on the 
buffer layer 212, as an n-contact layer 213 with an electron 
concentration of 2 x 10 18 /cm 3 , under conditions controlled by 
keeping the temperature of the sapphire substrate 211 at 
1150 °C and concurrently supplying H 2 , NH 3 , TMG and silane. 

About 180 nm in thickness of non-doped In 003 Ga 097 N was 
formed on the n-contact layer 213, as a strain relaxation 
layer 214A, under conditions controlled by lowering the 
temperature of the sapphire substrate 211 to 850 °C, keeping 
the temperature constant and concurrently supplying N 2 or H 2 , 
NH 3 , TMG and TMI . 

After forming the strain relaxation layer 214A, about 
200 nm in thickness of Al 0 , 05 Ga 0 ^ 5 N was formed on the strain 
relaxation layer 214A, as an n-cladding layer 214B with an 
electron concentration of 2 x 10 17 /cm 3 , under conditions 
controlled by raising the temperature of the sapphire 
substrate 211 to 1150 °C, keeping the temperature fcofistant 
and concurrently supplying N 2 or H 2 , NH 3 , TMG, TMA and silane. 

About 3.5 nm in thickness of Al 0 . 13 Ga 0 . 87 N was formed on 
the n-cladding layer 214B, as a barrier layer 251, 
concurrently supplying N 2 or H 2 , NH 3 , TMG and TMA. And about 
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3 nm in thickness of In 0 . 05 Ga 0 ; 95 N was formed on the barrier 
layer 215, as a well layer 252, concurrently supplying N 2 or 
H 2 , NH 3 , TMG and TMI . Similarly, four pairs of the barrier 
layer 251 and the well layer 252 were formed in sequence 
under the same respective conditions, and then a barrier 
layer 251 made of Al 0#13 Ga 0 B7 N was formed on the fifth pair of 
the barrier layer 251 and the well layer 252 • Accordingly, 
an emission layer 215 having a multi-quantum well (MQW) 
structure was formed. 

About 25 nm in thickness of Mg-doped p-type Al 0 . 15 Ga 0 . 85 N 
was formed on the emission layer 215, as a p-cladding layer 
216, under conditions controlled by keeping the temperature 
of the sapphire substrate 111 at 1150 °C and concurrently 
supplying N 2 or H 2 , NH 3 , TMG, TMA and CP 2 Mg. 

About 100 nm in thickness of Mg-doped p-type GaN was 
formed on the p-cladding layer 216, as a p-contact layer 217, 
under conditions controlled by keeping the temperature of 
the sapphire substrate 211 at 1100 °C and concurrently 
supplying N 2 or H 2 , NH 3 , TMG, and CP 2 Mg. 

An etching mask is formed on the p-contact layer 217, 
and a predetermined region of the mask is removed. Then, 
exposed portions of the p-contact layer 217, the p-cladding 
layer 216, the emission layer 215, the strain relaxation 
layer 214A, and some part of the n-contact layer 213 were 
etched by a reactive ion etching using gas including 
chlorine (CI). Accordingly, the surface of the n-contact 
layer 213 was exposed. 
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Then, an electrode 218B and an electrode 218A which 
transmits lights were formed on the n-contact layer 213 and 
the p-contact layer 217, respectively, as follows. 

(1) A photoresist layer was laminated on the n-contact 
layer 213. A window was formed on a fixed region of the 
exposed surface of the n-contact layer 213 by patterning 
using photolithography. After exhausting in high vacuum 
lower than 10* 4 Pa vacuum order, about 20 nm in thickness of 
vanadium (V) and about 1800 nm in thickness of aluminum (Al) 
were deposited on the window. Then, the photoresist layer 
laminated on the n-coritact layer 213 was removed. 
Accordingly, the electrode 218B was formed on the exposed 
surface of the n-contact layer 213. 

(2) A photoresist layer was laminated on the p-contact 
layer 217. The photoresist layer of an electrode forming 
part on the p-contact layer 217 was removed by patterning 
using photolithography, and a window was formed there. 

(3) After exhausting in high vacuum lower than 10" 6 
Torr vacuum order, about 1.5 nm in thickness of cobalt (Co) 
and about 6 nm in thickness of gold (Au) were formed in 
seguence on the photoresist layer and the exposed surface of 
the p-contact layer 217 in a reaction chamber for deposit. 

(4) The sample was took out from the reaction chamber 
for deposit. Then cobalt (Co) and gold (Au) laminated on 
the photoresist layer were removed by a lift-off, and an 
electrode 218A which transmits lights is formed on the p- 
contact layer 217. 
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(5) To form an electrode pad 220 for a bonding, a 
window was formed on a photoresist layer, which was 
laminated uniformly on the electrode 218A. About 1500 nm in 
thickness of cobalt (Co), nickel (Ni) or vanadium (V) and 
gold (Au), aluminum (Al) or an alloy including at least one 
of those metals were deposited, on the photoresist layer. 
Then, as in the process (4), cobalt (Co), nickel (Ni) or 
vanadium (V) and gold (Au) r aluminum (Al) or an alloy 
including at least one of those metals laminated on the 
photoresist layer were removed by a lift-off, and an 
electrode pad 220 was formed. 

(6) After the atmosphere of the sample was exhausted 
by a vacuum pump, 0 2 gas was supplied until the pressure 
becomes 3 Pa. Under conditions controlled by keeping the 
pressure constant and keeping the temperature of the 
atmosphere about 550 °C, the sample was heated for about 3 
min. Accordingly, the p-contact layer 217 and the p- 
cladding layer 216 were changed to have lower resistive p- 
type, and the p-contact layer 217 and the electrode 218A, 
and the n-contact layer 213 and the electrode 218B, 
respectively, are alloyed. 

Through the process of (i) to (6), the light-emitting 
device 200 was formed. 9 ' 

Various samples of an n-cladding layer made of Al x Ga l4 N, 
each having a different composition ratio x of aluminum (Al), 
were formed in the same process described above. FIG. 5 
illustrates the electroluminescence (EL) luminous intensity 
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of the light-emitting device200 having the n-cladding layer 
made of Al x Ga 1-x N. As shown in FIG. 5, the luminous intensity 
of the light-emitting device 200 becomes larger in 
accordance with the composition ratio of aluminum (Al). The 
composition ratio x should be preferably in the range of 
0.03^x^0.06, more preferably 0.04^x^0.055. 

Various samples of an n-cladding layer each having a 
different thickness were formed. FIG. 6 illustrates the 
electroluminescence (EL) luminous intensity of the light- 
emitting device 100 having the n-cladding layer made of 
Al x Ga x _ x N. As shown in 'FIG. 6, the thickness of the barrier 
layer should be preferably in the range of 50 nm to 300 nm r 
more preferably 150 nm to 250 nm. 

In the second embodiment, the light-emitting device 
200 has the emission layer 215 with multi quantum-well (MQW) 
structure. Alternatively, the emission layer 215 can have a 
single quantum-well structure. 

Alternatively, the barrier layer, the well-layer, the 
p-cladding layer, the n-contact layer and the p-contact 
layer, or all the layers formed in the light -emitting device 
200 except the n-cladding layer and the strain relaxation 
layer, can be made of quaternary, ternary, or binary nitride 
compound semiconductor which satisfies the formula' Al.Ga^ 
y ln y N, (O^x^l, O^y^l), having an arbitrary composition 
ratio. Also, the strain relaxation layer can be made of 
In^Ga^JH (0<x<l), having an arbitrary composition ratio. 

The luminous efficiency of the light-emitting device 
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200 may become smaller without a strain relaxation layer , 
but it can be larger than that of the conventional light- 
emitting device. 

In the second embodiment, magnesium (Mg) was used as a 
p-type impurity. Alternatively, Group II elements such as 
beryllium (Be), zinc (Zn), etc. can be used. 

The device in the present invention can be applied not 
only to a light-emitting device but also a light-receiving 
device. 

» 

(Third Embodiment) 

PIG. 7 illustrates a sectional view of a light- 
emitting device 300 using gallium nitride (GaN) compound 
semiconductor formed on a sapphire substrate 311. The 
light-emitting device 3 00 has a sapphire substrate 311 which 
has a buffer layer 312 made of nitride aluminum (AlN) having 
a thickness of 25 nm and an n-contact layer 313 made of 
silicon (Si) doped GaN and having a thickness of 3 jmm 
successively thereon. 

And a strain relaxation layer 314A made of a non-doped 
In 0 . 03 Ga 097 N having a thickness of about 180 nm is formed on 
the n-contact layer 313. The strain relaxation layer 314A 
functions to relax a stress to an emission layer 315', 
generated by the difference between thermal expansion 
coefficients of the sapphire substrate 311 and the emission 
layer 315. And an n-cladding layer 314B made of a silicon 
(Si) doped Al 0 . 05 Ga 0 95 N having a thickness of about 200 nm is 
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formed on the strain relaxation layer 314A. 

An emission layer 315 is constructed with a multi 
quantum-well (MQW) structure, which is made of six barrier 
layers 351 made of Al 013 Ga 0 . 87 N having a thickness of about 
3.5 nm and five well layers 352 made of In 0t05 Ga 0 95 N having a 
thickness of about 3 nm laminated alternately, is formed on 
the n-cladding layer 314B. A p-cladding layer 316 made of a 
p-type Al 0 .is Ga o,85 N having a thickness of about 25 nm is 
formed on the emission layer 315. Further, a p-contact 
layer 317 made of a p-type GaN having a thickness about 100 
nm is formed on the p-cladding layer 316. 

An electrode 318A which transmits lights is formed by 
a metal deposit on the p-contact layer 317 and an electrode 
318B is formed on the n-contact layer 313. The electrode 
318A which transmits lights is constructed with about 1.5 nm 
in thickness of cobalt (Co), which contacts to the p-contact 
layer 317, and about 6 nm in thickness of gold (Au), which 
contacts to the cobalt (Co). The electrode 318B is 
constructed with about 20 nm in thickness of vanadium (V) 
and about 1800 nm in thickness of aluminum (Al) or an alloy 
including aluminum (Al). And an electrode pad 320 having a 
thickness about 1500 nm is formed on the electrode 318A. 
The electrode pad 320 is made of cobalt (Co), niclfer (Ni) or 
vanadium (V), and gold (Au) or aluminum (Al), or an alloy 
including these metals. 

Then a method for manufacturing the light-emitting 
device 300 is explained hereinafter. 
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Each of the layers of the light-emitting device 300 is 
formed by gaseous phase epitaxial growth, called metal 
organic vapor phase deposition (hereinafter MOVPE). The 
gases employed in this process were ammonia (NH 3 ), a carrier 
gas (H 2 or N 2 ), trimethyl gallium (Ga(CH 3 ) 3 ) (hereinafter 
TMG), trimethyl aluminum (A1(CH 3 ) 3 ) (hereinafter TMA), 
trimethyl indium (In(CH 3 ) 3 ) (hereinafter TMI), silane (SiH<), 
and biscyclopentadienyl magnesium (Mg(C 5 H 5 ) 2 ) (hereinafter 
CP 2 Mg). 

The single crystalline sapphire substrate- 311 was 
placed on a susceptor in a reaction chamber for the MOVPE 
treatment after its main surface 'a' was cleaned by an 
organic washing solvent and heat treatment. Then the 
sapphire substrate 311 was baked at 1100 °C by H 2 vapor fed 
into the chamber under normal pressure. 

About 25 nm in thickness of AlN buffer layer 312 was 
formed on the surface 'a' of the baked sapphire substrate 
311 under conditions controlled by lowering the temperature 
in the chamber to 400 °C, keeping the temperature constant, 
and concurrently supplying H 2/ NH 3 and TMA. 

About 3 jum in thickness of n-type GaN was formed on 
the buffer layer 312, as an n-contact layer 313, under 
conditions controlled by keeping the temperature of the 
sapphire substrate 311 at 1150 °C and concurrently supplying 
H 2 , NH 3 , TMG and silane. 

About 180 nm in thickness of non-doped In 0 03 Ga 0 97 N was 
formed on the n-contact layer 313, as a strain relaxation 
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layer 314A, under conditions controlled by lowering the 
temperature of the sapphire substrate 311 to 850 °C, keeping 
the temperature constant and concurrently supplying N 2 or H 2 , 
NH 3 , TMG and TMI . 

After forming the strain relaxation layer 314A, about 
200 nm in thickness of n-type Al 0#05 Ga 0 . 95 N was formed on the 
strain relaxation layer 314A, as an n-cladding layer 314B, 
under conditions controlled by raising the temperature of 
the sapphire substrate 311 to 1150 °C f keeping the 
temperature constant and concurrently supplying N 2 or H 2 , NH 3 , 
TMG, TMA and silane. 

About 3.5 nm in thickness of Al 0 . 13 Ga oa7 N was formed on 
the n-cladding layer 314B, as a barrier layer 351, 
concurrently supplying N 2 or H 2 , NH 3 , TMG and TMA. And about 
3 nm in thickness of In 0 . 05 Ga 0 . 95 N was formed on the barrier 
layer 315, as a well layer 352, concurrently supplying N 2 or 
H 2 , NH 3 , TMG and TMI. Similarly, four pairs of the barrier 
layer 351 and the well layer 352 were formed in sequence 
under the respective same conditions, and then a barrier 
layer 351 made of Al 0 . 13 Ga 08? N was formed on the fifth pair of 
the, barrier layer 351 and the well layer 352. Accordingly, 
an emission layer 315 having a multi-quantum well (MQW) 
structure was formed. * " 

About 25 nm in thickness of Mg-doped p-type Al 0>15 Ga 0 85 N 
was formed on the emission layer 315, as a p-cladding layer 
316, under conditions controlled by keeping the temperature 
of the sapphire substrate 311 at 1150 °C and concurrently 
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supplying N 2 or H 2 , NH 3 , TMG, TMA and CP 2 Mg. 

About 100 nm in thickness of Mg-doped p-type GaN was 
formed on the p-cladding layer 316 , as a p-contact layer 317 , 
under conditions controlled by keeping the temperature of 
the sapphire substrate 311 at 1100 °C and concurrently 
supplying N 2 or H 2 , NH 3 , TMG, and CP 2 Mg. 

An etching mask is formed on the p-contact layer 317 f 
and a predetermined region of the mask is removed. Then, 
exposed portions of the p-contact layer 317, the p-cladding 
layer 316, the emission layer 315, the strain relaxation 
layer 314A, and some part of the n-contact layer 313 were 
etched by a reactive ion etching using gas including 
chlorine (Cl). Accordingly, the surface of the n-contact 
layer 313 was exposed. 

Then, an electrode 318B and an electrode 318A which 
transmits lights were formed on the n-contact layer 313 and 
the p-contact layer 317, respectively, as follows. 

(1) A photoresist layer was laminated on the n-contact 
layer 313, A window was formed on a fixed region of the 
exposed surface of the n-contact layer 313 by patterning 
using photolithography. After exhausting in high vacuum 
lower than 10" 4 Pa vacuum order, about 20 nm in thickness of 
vanadium (V) and about 1800 nm in thickness of alifmihum (Al) 
were deposited on the window. Then, the photoresist layer 
laminated on the n-contact layer 313 was removed. 
Accordingly, the electrode 218B was formed on the exposed 
surface of the n-contact layer 313. 
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(2) A photoresist layer was laminated on the p-contact 
layer 317. The photoresist layer of an electrode forming 
part on the p-contact layer 317 was removed by patterning 
using photolithography, and a window was formed there. 

(3) After exhausting in high vacuum lower than 10~ 4 Pa 
vacuum order, about 1.5 nm in thickness of cobalt (Co) and 
about 6 nm in thickness of gold (Au) were formed in sequence 
on the photoresist layer or the exposed surface of the p- 
contact layer 317 in a reaction chamber for deposit. 

(4) The sample was took out from the reaction chamber 
for deposit. Then cobalt (Co) and gold (Au) laminated on 
the photoresist layer were removed by a lift-off , and an 
electrode 31 8A which transmits lights is formed on the p- 
contact layer 317. 

(5) To form an electrode pad 320 for a bonding, a 
window was formed on a photoresist layer, which was 
laminated uniformly on the electrode 318A. About 1500 nm in 
thickness of cobalt (Co), nickel (Ni) or vanadium (V) and 
gold (Au), aluminum (Al) or an alloy including at least one 
of those metals were deposited on the photoresist layer. 
Then, as in the process (4), cobalt (Co), nickel (Ni) or 
vanadium (V) and gold (Au), aluminum (Al) or an alloy 
including at least one of those metals laminated o'n 'the 
photoresist layer were removed by a lift-off, and an 
electrode pad 320 was formed. 

(6) After the atmosphere of the sample was exhausted 
by a vacuum pump, 0 2 gas was supplied until the pressure 
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becomes 3 Pa. Under conditions controlled by keeping the 
pressure constant and keeping the temperature of the 

atmosphere about 550 °C, the sample was heated for about 3 
min. Accordingly, the p-contact layer 317 and the p- 
cladding layer 316 were changed to have lower resistive p- 
type, and the p-contact layer 317 and the electrode 318A, 
and the n-contact layer 313 and the electrode 318B f 
respectively , are alloyed. 

Through the process of (1) to (6), the light -emit ting 
device 300 was formed. 

Various samples of an n-cladding layer 314B made of n- 
type Al 005 Ga 0 95 N f each having a different electron 
concentration , were formed in the same process described 
above. FIG. 8 illustrates the electroluminescence (EL) 
luminous intensity of the light-emitting device 300 having 
the n-cladding layer. As shown in FIG. 8, the luminous 
intensity of the light-emitting device 3 00 becomes larger 
around 8 x 10 17 /cm 3 . 

Various samples of an n-contact layer 313 made of n- 
GaN, each having a different electron concentration, were 
formed in the same process described above. FIG. 9 
illustrates the electroluminescence (EL) luminous intensity 
of the light-emitting device 300 having the n-contact layer. 
As shown in FIG. 9, the luminous intensity of the light- 
emitting device 300 becomes larger in accordance that the 
electron concentration of the n-contact layer becomes 1.1 x 
lO'Vcm 3 , 8 x 10 17 /cm 3 , and 4 x 10 17 /cm\ 
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Because the hole concentration of each p-layers (the 
p-cladding layer and the p-contact layer) is 7 x 10 17 /cm 3 , 
the luminous efficiency become larger when a ratio of the 
electron concentration of n-layer to the hole concentration 
of the p-layer is in the range of 0.5 to 2.0. In short, the 
value of dividing the electron concentration by the hole 
concentration is in the range of 0.5 to 2.0. Preferably , 
the ratio of the hole concentration of the p-layer and the 
electron concentration of n-layer should be in the range 
from 0.7 to 1.43, more preferably, from 0,8 to* 1.25, 

In the third embodiment, the light-emitting device 300 
has the emission layer 315 with multi quantum-well (MQW) 
structure. Alternatively, the emission layer 315 can have a 
single quantum-well structure. 

In condition that the ratio of the electron 
concentration of the n-layer to the hole concentration of 
the p-layer is as in the above embodiment, the barrier layer, 
the well-layer, the n-cladding or the p-cladding layer, and 
the n-contact or the p-contact layer can be made of 
quaternary, ternary, or binary nitride compound 
semiconductor which satisfies the formula A^Ga^ylnyN, (0^x 
^1/ O^y^l), having an arbitrary composition ratio. 

The luminous efficiency of the light-emitting device 
300 may become smaller without an n-cladding layer or a 
strain relaxation layer, but it can be larger than that of 
the conventional light-emitting device. 

In the third embodiment, magnesium (Mg) was used as a 
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p-type impurity. Alternatively, Group II elements such as 
beryllium (Be), zinc (Zn), etc. can be used. 

The device in the present invention can be applied not 
only to a light-emitting device but also a light-receiving 
device. 

(Other Embodiment) 

The following methods can be applied to the above 
embodiments . 

(1) A method for forming a buffer layer . 

In the above embodiments, a buffer layer is formed at 
a low temperature of 400 °C to 600 °C. Alternatively, a 
buffer layer can be formed at a temperature of 1000 °C to 
1180 °C by MOCVD. Preferably, the temperature should be in 
the range of 1050 °C to 1170 °C, and more preferably, 1100 °C 
to 1150 °C. A buffer layer made of AlN having a thickness 
of 2.3 firm is formed on a sapphire substrate, at a growth 
temperature of 1050 °C, 1110 °C, 1130 °C, 1150 °C, 1170 °C, 
and 1200 °C. A GaN layer having a thickness of 2 //m is 
formed on the buffer layer at the same growth temperature, 
and a surface mophology of the GaN layer is observed by an 
optical microscope. The surface mophology of the GaN layer 
is best when the growth temperature of the buffer 'layer is 
1130 °C. The surface mophology of the GaN layer better when 
the growth temperature of the buffer layer is 1110 °C and 
1150 °C, less better 1050 °C, 1170 °C. When the growth 
temperature of the buffer layer is 1200 °C, the surface 



34 



mophology of the GaN is not good. Accordingly, the growth 
temperature of the buffer layer is preferably in the range 
of 1000 °C to 1180 °C as described above. 

In the above embodiment , a buffer layer is made of AlN. 
Alternatively; a buffer layer can be made of GaN, InN, 
.Al,6a l4 N (0<x<l), In x Ga^ x N (0<x<l), AI s In l4 N (0<x<l), and 
A^Gayln^.yN (0<x<l, 0<y<l, 0<x+y<l). Alternatively, a 
buffer layer can be also made of A^Gayln^.yN (O^x^l, O^y^ 
1, 0^x+y^l)in which a part of the group III element is 
changed to boron (B) or thallium (Tl), and a part of 
nitrogen (N) is changed to phosphorus (P), arsenic (As), 
antimony (Sb), bismuth (Bi), and so on. Further 
alternatively, a buffer layer can be doped with an n-type 
dopant such as silicon (Si), or a p-type dopant such as 
magnesium (Mg) . 

(2) After forming a nitride film having a thickness of 
10 to 300 A on the sapphire substrate, a buffer layer made 
of AlN is formed. A thickness of the buffer layer should be 

preferably in the range of 1.2 jum to 3.2 jum, and more 
preferably 1.5 /zm to 3.3 jam. A growth rate of the buffer 
layer should be preferably in the range of 10 nm/min. to 250 

nm/min. AlN layers, each having a thickness of 0.8 jum, 1.0 
juva, 1.5 /zm, 2.3 jum, 3.0 jum, and 3.3 jum, was formed on the 
sapphire substrate at 1130 °C, at which temperature a 
surface mophology of a AlN layer is the best. A GaN layer 

having a thickness of 2 jum was formed at 1130 °C on the 
buffer layer in each of the samples, and a surface mophology 
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of the GaN layer is observed. 

When the thickness of the AlN layer is 2.3 jum, a 
perfect specular reflection can be obtained. When the 
thickness is 1.5 /zm and 3.3 fim, an approximate specular 
reflection can be obtained. But when the thickness is 0.8 
/zm, 1.0 JUm, and 3.0 jum, a specular reflection cannot be 
obtained, and a crystal growth is difficult on the GaN layer. 
Accordingly, the thickness of the buffer layer should be 
preferably in the range described above. 

And after forming a nitrogenated layer having a 
thickness of 0 to 10 A on the sapphire substrate, buffer 
layers made of AlN, each having a thickness of 0.015 /zm, 
0.30 jum, 0.45 /zm, 0.90 /im, 1.90 jum, and 2.30 JUm, are 
formed at 1130 °C. Then a GaN layer was formed on the 
buffer layer in each of the samples, and a surface mopholbgy 
of the GaN layer is observed. 

When the thickness of the AlN buffer layer is 0.30 julv\ 
and 0.45 /zm, a perfect specular reflection can be obtained. 
When the thickness is 0.015 jum and 0.90 jum, an approximate 
specular reflection can be obtained. But when the thickness 
is 1.90 jum and 2.30 jum, a specular reflection cannot be 
obtained/ and a crystal growth is difficult on the GaN layer 
Accordingly, the thickness of the buffer layer shcfald be 
preferably in the range of 0.01 /im to 2.3 /zm. The 
thickness should be preferably in the range of 0.1 jum to 
1.5 jum, more preferably 0.2 /zm to 0.5 jum, the most 
preferably 0.3 jum to 0.45 /zm. 
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(3) The sapphire substrate is desirably treated by a 
nitriding treatment before forming a buffer layer • The 
sapphire substrate is cleaned under conditions controlled by 
raising the temperature in the chamber to 1000 °C, keeping 
the temperature constant, and concurrently supplying H 2 . 
Using H 2 gas as a carrier, NH 3 , hydrazine (H 2 NNH 2 ), and/or 
organic amine are supplied to complete the nitriding 
treatment. The thickness of the nitride film on the 
sapphire substrate should be preferably in the range of 0 A 
to 300 A. 

(4) In the other embodiment , a buffer layer is formed 
by MOCVD. Alternatively, MBE can be applied to form a 
buffer layer. Further alternatively , sputtering can be 
applied. 

A buffer layer made of AlN can be formed by a reactive 
sputtering in a DC magnetron sputtering equipment, using a 
high purity metal aluminum (Al) and N 2 gas as source 
materials. Alternatively, a buffer layer made of Al x Ga y In 1-x . 
y N (O^x^l, O^y^l, 0^x+y^l, where composition ratios x 
and y are arbitrary figures) using a metal aluminum (Al), a 
metal gallium (Ga), a metal indium (In), N 2 or NH 3 gas can be 
formed as in a step (1) above. As a method for forming the 
buffer layer, evapolating, ion plating, laser abraftibn, and 
ECR can be applied to sputtering. These physical vapor 
deposit should be preferably carried out at a temperature of 
200 °C to 600 °C, more preferably 300 °C to 500 °C, and 
further more preferably 400 °C to 500 °C. 



37 



When using these physical vapor deposition, the 
thickness of the buffer layer should be preferably in a 
range of 100 A to 3000 A. The thickness should be more 
preferably in a range of 100 A to 2000 A, and the most 
preferably 100 A to 300 A. 

After the buffer layer is treated by a heat treatment 
in the atmosphere of H 2 and NH 3 gases for 5 minutes, a RHEED 
pattern was measured. As a result, a crystallization of the 
buffer layer treated by a heat treatment is improved 
compared with that of the buffer layer which is not treated 
by a heat treatment. A flow rate of H 2 gas and NH 3 gas used 
in the heat treatment should be preferably 1:0.1 to 1:1. 
The flow rate should be more preferably 1:0.1 to 1:0.5. A 
heating temperature should be preferably in a range of 
1000 °C to 1250 °C, more preferably 1050 °C to 1200 °C, and 
the most preferably 1100 °C to 1150 °C. Varying these 
heating condition or the flow rate of gases, a RHEED pattern 
of the buffer layer was measured. As a result, a 
crystallization of the buffer layer becomes better when a 
flow rate of gases and a heating temperature is in the range 
shown above. According to the result, a single 
crystallization is considered to be improved by a 
recrystallization of the buffer layer. * ' 

A GaN layer having a thickness of 4 julvx was formed on 
the buffer layer by MOCVD, and then a rocking curve of the 
GaN layer was measured by an X-ray diffraction equipment. 
As a result, a single crystallization of GaN formed on the 
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buffer layer, which is treated by the heat treatment as 
described above, becomes even or better compared with that 
of GaN formed on a buffer layer which is formed on a 
substrate by using MOCVD. 

Because the buffer layer is formed by a physical vapor 
deposit and heat treated at a high temperature, a single 
crystallization of the buffer layer is promoted. As a 
result, the single crystallization of the GaN layer is 
considered to be improved. 

(5) When a well layer and a barrier layer* grow at a 
temperature of 830 °C to 930 °C and a difference between 
growth temperatures of the barrier and the well layers is A 
T^50 °C, a crystallization of an emission layer or an 
active layer is found to be improved. Here, the growth 
temperature of the barrier layer is higher than that of the 
well layer. 

(6) A substrate can be made of sapphire, spinel 
(MgAl 2 0 3 ), silicon (Si), carbon silicide (SiC), zinc oxide 
(ZnO), gallium phosphide (GaP), gallium arsenide (GaAs), 
magnesium oxide (MgO), manganese oxide, etc. 

A buffer layer in all the above embodiments can be 
formed not only at a low growth temperature but a Tiiijh 
growth temperature. Also, a buffer layer can be formed by 
sputtering. 
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While the invention has' been described in connection 
with what are presently considered to be the most practical 
and preferred embodiments, it is to he understood that the 
invention is not to be limited to the disclosed embodiments, 
but on the contrary, is intended to cover various 
modifications and equivalent arrangements included within 
the spirit and scope of the appended claims. 
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